Background & aims Roots are of paramount importance in protecting grassland in numerous ecosystem services e.g. soil organic matter build-up. However, studies that quantified root biomass in grasslands predominantly focused on areas managed less intensively than the management that is common to most NorthWest European grassland-based farms. To fill this knowledge gap, we compared, root and stubble biomass, the distribution in the soil and root diameter classes of five common European forage grass species grown under intensive management. Methods On a 3 year old trial comparing yield of five cool season forage grass species at two N fertilization levels (190 kg N ha −1 yr −1 or 300 kg N ha −1 yr −1
Introduction
Climate change is affecting numerous ecosystems across the globe. Projected scenarios for European grasslands indicate that increased temperatures and CO 2 concentrations have the potential to increase herbage growth. However, summer droughts, wet winters and extreme events like storms are expected to increase in frequency and intensity in the coming decades (IPCC 2013) , and might counteract these benefits, particularly in grassland areas with low total summer rainfall (Hopkins and del Prado 2007) . Grasslands can contribute to reduced atmospheric CO 2 concentrations by carbon build-up (i.e. mitigation). In the short term, however, it is a key challenge to develop grassland systems that are more resilient to these extreme weather events (i.e. adaptation). Both in terms of mitigation and adaptation, roots play a central role. However, research mostly focuses on aboveground biomass production, especially when the agronomic properties of forage grasses are investigated.
From the mitigation point of view, grasslands have the potential to sequester more carbon in the soil than croplands and, hence, to slow down the increase of the atmospheric CO 2 concentration. Soussana et al. (2004) calculated that the difference in soil organic carbon (SOC) between cropland and grassland in France is on average 25 tonnes carbon ha −1
. One of the most important traits regarding to the C sequestration potential is root biomass, because root C has a longer residence time in the ecosystem than shoot C. Rasse et al. (2005) estimated that the mean residence time in soils of grass root-derived C is 2.4 times that of shoot-derived C. Mechanisms explaining this difference are the higher chemical resistance and the better physical protection to microbial breakdown of root tissues compared to shoot tissues, especially for roots in deep soil layers (Rasse et al. 2005) .
The size structure, the functional group and the C/N content of the roots also matters in SOC buildup under grassland (McCormack et al. 2015) . Larger ryegrass roots or roots with a higher diameter have a greater contribution to soil C buildup owing to their slower turnover rate and their higher C/N content compared to finer white clover roots (Rasmussen et al. 2010) . Consequently, root biomass and size structure is a measure of the potential C inputs to soil from grassland (Necpálová et al. 2014) .
During winter, grass roots may help to mitigate the consequences of heavy rains that are predicted to occur more frequently in Europe due to climate change. Macleod et al. (2013) found that precipitation runoff from plots sown on slopes of 5°was reduced by 51 % by Festulolium compared to perennial ryegrass. This result was attributed to more intense initial root growth followed by rapid senescence in Festulolium that rapidly enhances soil organic matter concentrations and porosity, and consequently percolation.
In terms of adaptation to climate change, forage species with greater rooting depth can extract water from deeper soil layers and can thus sustain higher yields under drought stress (Hoekstra et al. 2015 , Volaire et al. 2014 . Tall fescue (Festuca arundinacea Schreb.) is an example of such a species with a good drought resistance, i.e. the ability to maintain a satisfactory yield under a moderate water deficit (Volaire et al. 2014) , due to its deeper rooting (Poirier et al. 2012) . For example, Wilman et al. (1998) grew eight forage grass species of the Lolium-Festuca complex under severe water shortage, and measured water uptake in different soil layers, rooting depth and time of survival since rain exclusion. Tall fescue rooted deeper and extracted water from deeper soil layers than any other of the species tested: active roots were found until 100 cm deep, allowing tall fescue to survive more than 4 years of rain exclusion, whereas meadow fescue (Festuca pratensis L.) and perennial ryegrass (Lolium perenne L.) exhibited total mortality after 2 years of rain exclusion. The fact that deeper rooting also results in higher performance under drought was clearly illustrated in the particularly dry summer of 2005 in France. In a yield trial analysed by Surault et al. (2007) , tall fescue yielded up to 60 % more dry aboveground biomass than perennial ryegrass under conservation management. Cougnon et al. (2014) also found a higher aboveground biomass production of tall fescue compared to perennial ryegrass during dry spells, and related this to a significantly higher root biomass in deeper soil layers of the former. Furthermore, thicker roots tend to have a higher hydraulic transport capacity, and presence of thicker roots in deeper soil layers increase the plant's ability to direct sufficient amounts of water towards their leaves (McCormack et al. 2015) . Therefore, a key prerequisite to better estimate carbon mitigation as well as adaptation potentials is to investigate root distribution and diameter classes.
In addition to climate change mitigation and adaptation, nitrate leaching is a hot topic in grassland farming today, due to its important contribution to groundwater pollution (Reheul et al. 2015) . In grazed grassland, the non-uniform distribution of urine patches (Dennis et al. 2013) in combination with the very high N loads beneath a single urine patch results in a high risk of nitrogen leaching even under low N fertilisation. Species with higher root densities in deeper soil layers and with a high winter activity (Malcolm et al. 2014) have the potential to reduce nitrate leaching through an increased uptake.
Apart from the roots, the stubble (i.e., the aboveground part of the plant that remains below the defoliation height after grazing or mowing) is also an important source of SOC: leaves and tillers in e.g. perennial grasses are continuously renewed which leads to a continuous loss of structural C (Schneider et al. 2006) . The proportion of stubble in the total biomass below defoliation height (stubble + roots) of perennial ryegrass swards varies between 13 and 43 % (Schneider et al. 2006; Necpálová et al. 2014) .
Although several studies have assessed root biomass of grasslands (Bolinder et al. 2002; Deru et al. 2014; Necpálová et al. 2014; Tomaškin et al. 2013; Schneider et al. 2006; Hejduk and Hrabe 2003; Cougnon et al. 2013; Van Eekeren et al. 2010) , most of these were performed under circumstances differing strongly from common agricultural practices in NW European grassland-based farms. These practices are characterized by high N fertilisation rates (up to 350 kg N ha
), high defoliation frequencies by cutting and/or grazing and the use of only a few grass species with a high yield potential (Reheul et al. 2015) . Moreover, to the best of our knowledge, there are no studies comparing the stubble biomass of different forage grass species.
Given the importance of intensively managed grassland for dairy farming in NW Europe (Reheul et al. 2015) and the trend towards more cutting and less grazing (Van den Pol-Van Dasselaar et al. 2008) we studied herbage yield, stubble and root biomass in 3 years old swards of five forage grass species under cutting-only management. Taking the effects of nutrient supply on plant growth and the trend of declining use of N fertilisers (due to economic or legal restrictions into account e.g. EU directive 91/676/EEC), we performed this study at two N fertilisation levels.
We specifically addressed the following research questions:
1. What is the root and stubble biomass, the distribution in the soil profile and the root diameter in swards of five forage grass species? 2. What is the effect of N fertilisation (low vs. high) on these patterns?
Material and methods

Trial establishment
Diploid perennial ryegrass (Lolium perenne L., referred to as 'Lp'), tall fescue (Festuca arundinacea Schreb., referred to as 'Fa'), meadow fescue (Festuca pratensis L., referred to as 'Fp') and Festulolium (referred to as 'Fl') were sown in September 2011 on a sandy loam soil ) and the different species formed the subplot factor. Plots were sown at a density of 10,000 germinable seeds per plot. P and K fertilisation were equal for both N fertilisations: 250 kg K 2 O ha −1 yr −1 and 85 kg P 2 O 5 ha −1 yr −1 . The fresh grass yield was determined by harvesting the entire plot using a plot harvester (Haldrup, Logstor, Denmark) at a cutting height of about 5 cm. A random subsample of the harvested material was taken from each plot and dried for at least 36 h at 70°C. All plots were harvested on the same dates. Five cuts were harvested in 2012, 2013 and 2014 in which the first cut was taken every year in the last decade of days of April and the last cut was taken in the second or third decade of days of October. We selected one representative variety for Fa, Fp, Lp and two varieties with a different genomic composition for Fl to take roots and stubble samples. The varieties selected were 'Barolex ' for Fa, 'Indiana' for Lp, 'Pardus' for Fp, and 'Achilles' (Lolium multiflorum x Festuca pratensis; Fl1) and 'Lueur' (Lolium multiflorum x Festuca arundinacea var. glaucescens; Fl2) for Fl. The two Fl varieties were handled like if they were two different species. The near infrared reflectance spectroscopy (NIRS) spectra of the harvested grass samples were collected with a Foss NIRSystems 5000 (FOSS NIR Systems, Silver Springs, MD, USA) and ISIscan 2.85.1 software (Infrasoft international, Port Matilda,PA, USA). The N concentration of the grass samples was determined using a NIRS equation based on 396 grass and grass-clover samples that had been analysed by the Kjeldahl method.
Root and stubble sampling
In the week after the last cut on October 12 th 2014, root cores were collected using a root auger (Eijkelkamp, Giesbeek, the Netherlands). Two soil cores with a diameter of 8 cm were taken in each plot at a distance of at least 60 cm from the edge of the plot till a depth of 90 cm in steps of 15 cm (0-15, 15-30, 30-45, 45-60, 60-75, 75-90 cm) . On two random spots per plot, a metal frame with inner dimensions of 20 cm × 20 cm and 5 cm high made from 2 mm thick plate steel was pushed into the ground and dug out with a spade. The root side was cut off with a knife alongside the edge of the frame, resulting in a stubble tile of 20 cm × 20 cm and 5 cm thick. The soil samples were kept frozen at −18°C before being washed.
Each soil core was rinsed under running water on a sieve with mesh size of 425 μm to remove the soil. From the upper soil core (0-15 cm) the upper 5 cm were cut off with a knife and discarded. This was done because in the upper layer not only roots are present, but also the true stems of the grass which makes the biomass present in this layer very difficult to separate from the soil. Small stones or soil particles retained in the sieve and organic debris were removed by flotation. Dead and live roots were not separated, and the roots from the two samples from the same plot were pooled per depth, (5-15, 15-30, 30-45, 45-60, 60-75, 75-90 cm) . So in total this resulted in 3 blocks × 2 N levels × 5 grass species × 6 depths = 180 fresh root pooled samples. These pooled samples were first processed as described in 'Root diameter measurements' and then dried (16 h at 75°C) in an oven and weighed.
The stubble samples were torn in pieces, soaked for some hours in a bucket filled with water and rinsed as described above for the cores. As it was very difficult to remove all soil particles from these samples, we determined the organic matter content of the rinsed samples. To do so, the samples were dried to constant mass in an oven (16 h at 75°C) and ground pass a 1 mm screen (Retsch SM100). Two subsamples of 1 g per sample were combusted for 3 h at 550°C in a furnace to determine the ash concentration. So results of stubble biomass are given on an ash-free basis.
Root diameter measurement
Approximately 3 g of each pooled sample were spread over three petri dishes with a diameter of 140 mm and scanned at an optical resolution of 4800 dpi using a flatbed photoscanner (Perfection V800 Photo, Epson Ltd., Hemel Hempstead, UK). When less than 3 g was available, all the available root material was spread over 1 or 2 petri dishes.
For further data processing, the root lengths of the different root diameter classes of the three images were summed, resulting in a single histogram of the root diameter distribution per pooled sample. These lengths were normalized to their proportion in the total root length recorded in the three images for analysis of root diameter distribution per depth. From these normalized data we calculated a weighted average for the entire soil profile, based on the root dry matter mass of each pooled sample.
Finally, the Extreme Value Model, as suggested by Zobel (2013) was fitted to the root diameter distributions for the entire soil profile (Fig. 1) :
where a (in %), b (in %), c (in mm) and d (in mm) are the parameters describing the shape of the distribution. To this end, the model parameters were estimated by minimizing the sum of squared errors between the model and the data, via the Nelder-Mead optimisation algorithm included in the R stats package (Nelder and Mead 1965) . As such, the variance of the root diameter distribution (σ 2 in mm 2 ) could be estimated: 
Data analysis
A linear mixed-effect model with N fertilisation and species as fixed factors, and block as random factor was fitted to the root and stubble biomass data and the mean root diameter, using the lme function in the nlme package and restricted maximum likelihood estimation in R. Multiple comparisons of means was performed using the glht function, using the Tukey method.
Results
The growing season (April till September) of the years 2012-2013 were classified as 'normal' from the climatic point of view. Hence, the swards of all species developed well and at the beginning of the third harvest year in 2014, all plots formed dense and mono-specific swards. Although 2014 was the warmest year since the start of Belgian recordings in 1833, with an average temperature of 11.9°C compared to the long-term mean of 10.4°C, the summer (June, July and August) of 2014 was cooler than average (average temperature of 17.3°C vs. 17.9°C average) and humid (348.2 mm of rain vs. 224.6 mm average).
Herbage yield
Unsurprisingly, there was a significant positive effect of the N fertilisation on the DM herbage yield of all grass species in 2014 (Table 1) . We detected a significant N fertilisation × species interaction effect: the yield advantage of Fa compared to the other species was smaller at the low N fertilisation compared to the high N fertilisation. The highest yield was found for Fa. A similar trend was found in the N yield (Table 1) .
Root and stubble biomass
In the −5 to −15 cm soil layer, the root biomass ranged between 290.9 g m −2 for Fa and 68. There was a significant positive effect of N fertilisation on the root biomass in the soil layers −5 to −15 cm, −15 to −30 cm and −30 to −45 cm (Fig. 2) . In these layers, root biomass at high N was respectively 154 %, 157 % and 172 % of the root biomass found at low N. In all soil layers, there was a significant species effect: Fa had a higher root biomass than any of the other species investigated (Fig. 2) . The difference between Fa and the other species increased with depth. At high N, the ratio between the root biomass of Fa and the average root biomass of the other species increased from 1.41 in the layer −5 to −15 cm to 5.82 in the layer −75 to −90 cm. For low N these ratios increased from 1.39 till 4.04.
Stubble biomasses ranged between 1293.5 g m −2 for Fa and 815.4 g m −2 for Fl2 at low N and between 1251.6 g m −2 for Fa and 761.1 g m −2 for Fl1 at high N. There was no effect of N fertilisation on stubble biomass, but the effect of species was significant: stubble biomass of Fa was higher compared to that of the other species (Fig. 3) . The total biomass below cutting height (stubble + root) was between 1810 g m −2 for Fa and 972 g m −2 for Fl2 at low N and between 1908 g m −2 for Fa and 1054 g m −2 for Fl2 at high N. Again, the effect of N fertilisation was not significant, whereas the effect of species was significant with a higher total biomass production below cutting height for Fa compared to the other species (Fig. 3) . Averaged over all species at high N, the distribution of biomass over the different sampled soil layers was as follows: 72.4 % in +5 to −5 cm, 16.0 % in −5 to −15 cm, 7.1 % in −15 to −30 cm, 2.1 % in −30 to −45 cm, 1.0 % in −45 to −60 cm, 0.8 % in −60 to −75 cm and 0.6 % in −75 to −90 cm (Supplementary  Table S1 ). Fa had a higher proportion of roots in deeper soil layers: 2.1 % in the −60 to −90 layer for Fa compared to 0.8 % for Lp (Fig. 4) .
Root diameter classes
Considering roots from the entire soil profile, there was no significant effect of N fertilisation on the mean root diameter, but there was a clear species effect, with mean root diameters between 0.125 mm (for Fa at High N) and 0.096 mm (for Lp and at Low N) (Fig. 5) . Likewise, N fertilisation had no effect on the variance of the root diameter, whereas the species effect was clear: Fa had a higher variance compared to the other species. ) N fertilisation.
Species abbreviations see Table 1 . Different letters above the bars indicate significant differences (p < 0.05) for the species effect. Error bars denote standard errors
In the −5 to −15 cm soil layer, the mean root diameters were between 0.136 mm for Fa and 0.099 mm for Lp at low N, and between 0.135 mm for Fa and 0.121 mm for Lp at high N. In the deepest soil layer (−75 to −90 cm) the mean root diameters were between 0.111 mm for Fa and 0.087 mm for Lp at low N, and between 0.113 mm for Fa and 0.092 mm for Lp at high N. Only in the top layer, there was a significant positive effect of N fertilisation on the mean root diameter. In all soil layers, the root diameter of Fa was classified in the highest homogeneous group, whereas the mean root diameter of Lp always was classified in the lowest (Fig. 6 ).
Discussion
Compared to earlier studies, the results for root biomass found in the present study are high. Large variation however is present in the root biomasses found in different studies ( Deinum (1985) found a higher root biomass under continuously grazed grass compared to rotationally grazed grass; (vi) sward age: Bolinder et al. (2002) found higher root biomass on 2 year old swards compared to 1 year old swards; (vii) sampling season: Cougnon et al. (2013) found a higher root biomass below 45 cm in autumn than in spring. Also methods and sieves used for root washing can contribute to this large variation. The mesh size of the sieves used in the cited studies varied between 2 mm (Deru et al. 2014 ) and 250 μm (Schneider et al. 2006) . Furthermore, in some of these studies the belowground parts of stubble was separated from roots (Schneider et al. 2006) while in other studies all belowground plant biomass was considered to originate from roots (Cougnon et al. 2013) . The absolute values of the root biomass in our study are comparable to those found by Bolinder et al. (2002) , Necpálová et al. (2014) , Tomaškin et al. (2013) and Cougnon et al. (2013) . ) N fertilisation.
Species abbreviations see Table 1 . Different letters above the bars indicate significant differences (p < 0.05) for the species effect. Error bars denote standard errors Effect of N fertilisation on stubble and root biomass and root diameter
While there was no effect of N fertilisation on stubble biomass, a positive effect of N fertilisation on root biomass was found in the upper −5 to −45 cm layer of the soil, and on mean root diameter in the −5 to −15 cm layer. Also in literature the effect of N on root biomass is mostly reported as small but positive. When N fertilisation of Lp was increased from 140 kg N ha −1 yr −1 to 360 kg N ha Schneider et al. (2006) found an increase of 13 % in coarse roots (retained by a sieve with a mesh of 2 mm) but not in the biomass of the fine roots (passing the 2 mm sieve and retained on a 250 μm sieve). Hejduk and Hrabe (2003) and Tomaškin et al. (2013) found an increase in the root biomass due to fertilisation, but they did not specify in which soil layer(s) this increase occurred (Table 2 ). In a detailed study regarding the effect of atmospheric CO 2 concentration and N fertilisation on the different fractions of SOM in Lp swards, Loiseau and Soussana (1999) found that the accumulation of root mass was significantly increased by N fertiliser supply of 560 kg N ha −1 compared to 130 kg N ha −1 . We can conclude that in intensively managed pastures, dominated by C 3 grasses, a lower N fertilisation may lead to a modest decrease of root biomass in established swards. The eventual effect of this on C stocks is discussed below. Except from the upper soil layer, there was no effect of the N fertilisation on the average root diameter. The negative effect of the decreasing N ) N fertilisation. Species abbreviations see Table 1 . Error bars denote standard errors fertilisation in this layer can be interpreted in terms of change of the functional traits of the roots from transport (coarser) to absorption (finer) when N fertilisation is decreased. According to McCormack et al. (2015) fine roots with a transport function have a higher diameter, a higher lifespan, a lower N concentration and a higher concentration of cellulose and suberin compared to fine roots with a absorption function.
Effect of species on herbage yield, root biomass and root diameter
For all measured root parameters in our study, tall fescue was superior to the other species. The higher root biomass of Fa, especially in the deeper soil layers, found in earlier studies (Cougnon et al. 2013; Bolinder et al. 2002) was confirmed in our trial. This more abundant rooting in deeper soil layers, allows Fa to explore deeper water reserves and contributes to a very good drought resistance under drought stress reported in previous studies (Wilman et al. 1998; Surault et al. 2007; Cougnon et al. 2014; Poirier et al. 2012) . Although the F e s t u l o l i u m v a r i e t y L u e u r ( F l 2 ) c o n t a i n s F. arundinacea var glaucescens genes and was selected in France for its persistency under drought, it behaved more like Lolium perenne than like Festuca arundinacea when it came to root biomass. Root biomass of Lueur (Fl2) was somewhat higher than that of Achilles (Fl1) in the deeper soil layers, but this difference was not significant. Deru et al. (2014) found significantly higher root biomasses in diploid ryegrass compared to tetraploid ryegrass under a cutting management in the layer 0-24 cm. The Lp variety used in our study was diploid, so when testing a tetraploid Lp variety, the difference between Fa and Lp would most likely increase even further. Breeding may partially level out the difference between Lp and Fa: Bonos et al. (2004) selected Lp plants for deeper rooting in plastic tubes. After two generations, the root biomass below 30 cm increased by 130 % in a turf-type and 367 % in a forage type of Lp.
In our study Festuca roots were -on averagecoarser than Lolium roots, but also showed a higher variance of root diameter in the entire soil profile. As different functions are associated with different root thickness, this emphasizes the ability of Fa to maintain many functions like water and nutrient uptake (fine roots), and water and nutrient transport (coarse roots). Furthermore, the relative contribution of fine and coarse roots impacts the soil microbial activity and carbon sequestration potential, since fine roots have a high turnover rate and exudate labile C, whereas coarse roots decompose more slowly (McCormack et al. 2015) . Studying the root diameter classes in detail, may also contribute to the development of better mixtures of species with complementary functional traits. As such, the combination of species with distinct root diameters is ) N fertilisation. Different letters above the bars indicate significant differences (p < 0.05) for the species effect. Error bars denote standard errors. Species abbreviations see Table 1 expected to result a larger variance, and might consequently be more adaptive to variable environmental conditions. Beside a superior root biomass, Fa also proved to have a higher aboveground yield potential than the other grass species.
Effect of N fertilization and species regarding C sequestration We found a positive effect of N on root biomass in some soil layers. It is however not sure that this higher root biomass through higher N fertilization may lead to a higher C sequestration. C-N interactions also play a major role in C sequestration in grassland soils and several hypotheses were put forward concerning the effects of N fertiliser on SOC.
Loiseau and Soussana (1999) found that increasing N fertilisation from 160 kg N ha −1 yr −1 to 530 kg N ha −1 yr −1 in Lp swards decreased the root C:N from 31 to 28 and the stubble C:N from 38 to 29 resulting of a faster transformation of these SOM fractions to other SOM fractions with an even lower C:N. Nevertheless, the higher N stimulated the root and stubble biomass and led overall to an increased C accumulation of 800 kg C ha −1 over 2.5 years averaged over different atmospheric CO 2 concentrations. The C sequestration occurred only in the root phytomass and not in the other SOM fractions, suggesting that due to the lower C:N ratio, more CO 2 is lost during the decomposition of the root litter. Based on a survey of many studies, Soussana et al. (2010) conclude that in intensive grassland, decreasing N fertilisation generally increases C sequestration potential whereas in extensive, nutrient poor grasslands, fertilisation has a positive effect on SOC. Hence, the effect of N fertilisation on SOC is not straightforward, and should be studied case by case. The effect of the N fertilisation or the species on the C sequestration cannot be calculated with the data gathered in our study, and was outside the scope of it.
In the absence of C/N content measurements of the root material of the different species in our study, we cannot proof whether the higher root biomass under Fa leads to a higher C accumulation below cutting height -C in stubble, root and SOCcompared to other grass species. However, by combining our data with literature data, we can speculate on the species effect on C sequestration. First, the coarser roots of Fa are supposed to have a slower turnover rate than the finer roots of Lp (see above). This is in accordance with van Eekeren et al. (2010) who found that the C/N ratio of the Fa roots was higher compared to the Lp roots. Higher C/N leads to slower decomposition according to Loiseau and Soussana (1999) . Second, a higher proportion of the biomass is located in deeper soil layers in Fa compared to Lp and deeper roots are more protected against decomposition and mineralization (Rasse et al. 2005 ). Thus it is very probable that in the long term the higher root biomass will result in a higher SOC in Fa-swards compared to Lp.
Effect species and N fertilisation regarding N leaching
Nitrogen yields in our trial were often higher than the annual N fertilisations. This is explained by the N release from mineralization of SOM and wet N deposition; the latter is estimated to be around 20-30 kg N ha The N contents of the species were rather similar, so the differences in N yield were a reflection of the differences in DMY. This is in accordance with the results found in earlier research. Cougnon et al. (2014) found higher DMY and N yields but an equal N content for Fa compared to Lp with the same N fertilisation. The difference in N yield between the studied species is probably due to two non-mutually exclusive hypotheses: (i) leaching is higher under species with lower N yield (Lp) compared to species with higher N yield (Fa) (ii) N buildup in SOM is higher under species with low N yield (Lp) compared to species with high N yield (Fa). It was beyond the scope of the present study, however, to quantify nitrate leaching and N content in root and stubble material. Yet, Moir et al. (2013) , for instance, ; the C/N ratio of Fa roots (0.304) was higher than that of Lp (0.288) roots. This means that more N is stored in the root OM of Lp compared to Fa. In the longer term, this should lead to a difference in the C:N fractions under both species. A study of the importance of the C:N ratio and of the different SOM fractions under both species is needed to confirm this hypothesis.
Conclusion
In sum, our results clearly show that tall fescue had a higher stubble and root biomass in all soil layers and had roots with a higher diameter compared to perennial ryegrass, meadow fescue and Festulolium. Hence, tall fescue is not only productive in terms of aboveground forage, but it also has a high potential for C sequestration. There was a positive effect of N on the root biomass of all species in the −5 cm to −45 cm layer. Our findings also emphasize that in intensively managed grassland, belowground biomass can amount to 18 t ha −1 .
